Analytical and experimental methods were used to study a series of test specimens consisting of plasma sprayed layers of NiCrA1Y I Zr02 ofvarious compositions. The coatings were seeded with artificial defects and were sprayed on steel disks.
This paper was presented at the Thermosense XV conference.
I. INTROPUCTION
Caterpillar has been pursuing the development of plasma sprayed thick thermal barrier coatings in order to achieve lower fuel consumption for heavy duty diesel truck engines. One critical aspect of this work is the development of a nondestructive means for evaluation of coating/substrate bond integrity and detection of flaws in the coating. Kuo et.a i.l ,MaclachlanSpicer et. 2 and Cielo3 have successfully employed the method of time resolved infrared radiometry (TRIR) to detect flaws in plasma sprayed coatings of approximately 1 mm thickness or less. The method of TRIR is extended in this study to enable evaluation of thermal barrier coatings as thick as 3.6 mm. Specially prepared test specimens with plasma sprayed coatings containing seeded defects were inspected using two different energy sources for heat input. In addition, two analytical models were developed for simulation of the process of TRIR. Experimental results and a comparison of the models are presented in this paper. The work performed for this study was the result ofajoint effort between Caterpillar Inc. and Argonne National Laboratory.
TEST SPECIMENS
Two series of test specimens were fabricated for this study. Each consisted of a 90 mm diameter, 6.35 mm thick steel disk as the substrate with a plasma sprayed coating and artificially seeded defects.
Plasma sprayed coatings for the first series of specimens consisted of four layers: a NiCrAIY bond coat at the steel/coating interface, a 50% NiCrA1Y/50% Zr02 layer, a 25% NiCrAIY/75% Zr02 layer, and a pure Zr02 layer at the top of the coating.
Typical layer thicknesses are shown in Figure 1 . Circular defects ofroom temperature vulcanizing (RTV) silicone were seeded at depths ranging from 1.0 mm below the coating surface to 3.6 nun. Defect diameters were 0.1, 0.5, 1.0, and 2.0 mm. The artificial defects were arranged in radial patterns as suggested in Figure 1 . Each radial line consisted of five defects. There were four lines per disk quadrant, one line for each defect size, and defects in a given quadrant were all at the same depth. The deepest defects were at the bond coat/steel interface.
Coatings for the second series of test specimens were of continuously graded compositions ranging from NiCrA1Y at the steel interface to Zr02 at the top of the coating. RTV silicone defects ofrectangular or oval shapes and long axis lengths of 3,5, and 10 mm were placed at depths from 0.6 to 3.6 mm. Typically, the defects were located at the half radius of the disk atthe 3, 6, and 9 o'clock positions ( Figure 1 ). All defects on a given disk were at the same depth. In addition to the RTV silicone defects, selected specimens also had flat bottomed hole (FBH) defects. These consisted ofholes ofdiameter 1.6, 3.2, 4.8, and 9.5 mm drilled through almost the entire thickness of the steel substrate.
One disk from the first series was sectioned and the presence of the RTV silicone defects was verified. Additional verification was obtained for defects at the bond coat/steel interface by ultrasonic imaging. : 
EXPERIMENTAL PWOCED1LR
The method of TRIR has been used for these investigations. In this method, a heat pulse is introduced into the test specimen and the evolution of surface temperature with time is monitored during the heating and cooling cycles. Defects that would tend to block the flow of heat through the test specimen reveal themselves as hot spots if the surface on which the original heat pulse was introduced is the one being monitored for temperature.
Two distinct experimental setups were used to implement the TRIR technique. Common to both setups was the use of an infrared camera with a 3-12 jm bandpass capable ofvideo rate readout for monitoring of the specimen surface temperature. Data from the camera was in the form of an RS-170 video signal which was recorded on VHS tape and read into a personal computer via a frame grabber board.
The first experimental setup ( Figure 2 ) made use ofan acetylene torch to introduce heat into the test disks. The torch was under the control of a linear stepper motor and the flame was passed across the top surface of the disk in a time ofroughly 1.5 seconds. The back surface of the specimen was in contact with a cooling fluid which allowed the disk to return to near room temperature much faster than if it were air cooled. The surface temperature of the test disk was then monitored with an infrared camera during the cooling cycle. Seeded defects were observed as localized hot spots during this cycle.
In the second experimental setup (Figure 3) , heat was intrOduced into the test specimens using a high intensity lamp capable of delivering up to 70 Wkm2 ofpower intensity. Heat pulse intensities and durations were varied. After application of the heat pulse, the specimen's surface temperature was monitored with an infrared camera as it cooled in unforced air at room temperature. After all temperature data was recorded, the specimen was cooled to near room temperature using forced air in preparation for the next heating cycle. Temperature data were recorded directly on VHS tapes and later analyzed.
E)çPERIMENTAL RESULTS
Sensitivity versus depth results for both types of heat sources are shown in Table I . Disk specimens from both series one and series two were inspected with the acetylene torch heat source, but no specimens with flat bottomed holes (FBH's) were inspected. The results in Table 1 show that RTV silicone defects as small as 0.1 mm were detected at a depth of 1 mm using the torch. At a depth of 2 mm, defects as small as 0.5 mm were seen. At depths of 3.4 and 3.6 mm, however, noseeded defects were revealed by the acetylene torch. These results suggest that the torch provides excellent sensitivity down to approximately 2 mm but that the full thickness of the coating cannot be penetrated. Indeed, flaw depth to size ratios of 10 and 4 are indicated for flaw depths of 1 and 2 mm, respectively.
The second series ofdisks was inspected with a high intensity light source. Results of these tests are also summarized in Table 1 . The data in that bible show that RTV silicone defects of 5 and 10 mm were detected to a depth of 3.1 mm and defects of 3 and 5 mmwere detected to 1 .9 mm. Flat bottomed hole (FBH) defects as small as 3.2 mm were detected through the full thickness of the coating. The data in Table 1 suggest that flaw depth to size ratios of approximately one can be attained with the lamp heat source. Figure 4 shows an infrared image of the surface of one of the disks during the cooling cycle after a heat pulse was applied by the lamp source. Two hot spots associated with 3 and Smm RTV silicone defects are in evidence at approximately the 3 and 6 o'clock positions on the disk, respectively. Also in evidence on the image is a general pattern ofhotter and cooler regions that correspond to varying thermal properties of the coating. These thermal patterns would tend to obscure the images of defects such as disbonds if the locations of those disbonds were not known a priori. Background subtraction ofan image acquired later in the cooling cycle would help to circumvent this complication.
PHENOMENOLOGICAL MODEUNG
Heat flow models of the measurement process were developed in order to gain understanding of the physical processes involved and to detennine which experimental parameters had the greatest effect on the overall sensitivity of the experiment. Two modeling packages were exaxnined an electrical analog model and a finite element model. The disk specimens with seeded defects were modeled with the electrical analog code by constructing a cylindrical, axisymmetric model with the disborKI, in the form ofan air gap, centered on the axis of the cylinder. The finite element model was also two dimensional but with the disbond in the form ofa ring ( Figure 5) . Theactual model consisted of a radial "slice" of this disk. These two models were run under identical conditions and time versus temperature curves at selected corresponding points on the disks were compared. The curves were in agreement to within 10% but further development of the electrical analog model was halted because the finite element approach proved to be easier to use and more adaptable to extension to three dimensions and to more complex geometries. The finite element model was re-configured so that the "ring" disbond simulated a ring-shaped flat bottomed hole. Temperature difference versus time curves generated by the model were fit to experimental curves acquired using the high intensity light source and test specimens with flat bottomed hole defects. For these runs, temperature difference was taken to be the temperature directly above a flaw minus the temperature ofthe specimen surface away from the flaw. The model parameters determined by this fit were then plugged into the finite element code and maximum temperature differences were determined for various flaw sizes and depths. Comparison with experimental data showed that the model overestimated these temperature differences by approximately an order of magnitude. This result was not surprising since the two dimensional model allows for lateral heat flow only in the radial direction whereas heat flows laterally away from a real flaw both radially and circuinferentially.
SUMMARY AND CONCLUSIONS
Plasma sprayed coating test specimens consisting of a disk shaped steel substrate and graded composition coatings of NiCrA1Y and Zr02 were fabricated and the coatings were seeded with artificial defects consisting of RTV silicone of various sizes and placed at various depths within the coating. The presence of these defects was verified by mechanical sectioning and ultrasonic imaging. Also, flat bottomed holes of various sizes were drilled through the steel substrates of selected specimens.
The method of time resolved infrared radiometry was used to detect the seeded defects. The two heat sources used for the experiments were an acetylene torch and a high intensity light source. Defects as small as 0.1 mm were revealed by the torch and defects with depth to size ratios from 4 to 10 were detected to depths of 2 mm in the coatings. The acetylene torch did not pick up disbonds as large as 10 mm at depths grerater than 2 mm. RTV silicone defects of 5 and 10 mm were detectedas deep as 3.1 mm in the coating with the high intensity light source. Flat bottomed holes drilled into the steel substrate were also revealed through the full coating thickness of 3.6 mm.
Two heat flow models, a fmite element model and an electrical analog model, were successfully employed to simulate the TRIR process. The finite element model was found to be easier to use because of its flexibility. A two dimensional finite element model overestimated the measured temperature dif1lrences observed experimentally between defect and non-defect areas of the test specimen surfaces. 
